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Band alignment at the /-ZnO/CdS interface in Cu (In,Ga)(S,Se), thin-film
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The interface between theZnO layer and the CdS buffer in Qn,Ga)(S,Se) thin-film solar cells

from the Shell Solar baseline process has been investigated using ultraviolet- and x-ray
photoelectron spectroscopy and inverse photoemission. Combining both techniques, a direct
determination of the conduction and valence band offsets at the interface is possible. Different from
existing models, we find a flat conduction band alignmérd., a conduction band offset of
0.10+0.15 eV}, ~0.5 eV above the Fermi level, and a valence band offset of 200986 eV.
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Thin film solar cells based on polycrystalline conditions during the ZnO preparation. In addition Nguyen
Cu(In,Ga(S,Se) (CIGSSe have already reached high effi- et al. found that the position of the Fermi level within the
ciencies, both on a laboratory sc&li9.2%(Ref. )] as well  i-ZnO band gap may also depend on the doping level of the
as on large aread3.4% on 3459 cf).” They consist of a  buffer layer’ We thus conclude that it is important to inves-
multilayer structure, in most cases in the following sequencetigate the real sample structure, i.e., samples which are as
front contact/CdS/CIGSSe/Mol/glass. The front contact has talose as possible to the industrial process used for cell pro-
fulfill competing requirements. Apart from a high conductiv- duction. Furthermore, our recent experiments have shown
ity for minimizing the resistance in the cell, a large band gapthat for the CdS/CIGSSe interfacedaect determination of
is desired for maximum transparency in the relevant photorthe conduction band offset using PES and inverse photoemis-
energy range. For CIGSSe solar cells in most cases a twsion(IPES), is very importanf® It is thus the purpose of this
layer structure consisting of intrinsic ZnGi-gZnO) and |etter to report on the band alignment at the ieZinO/CdS
n-doped ZnO is used. It is understood that th&nO layer interface(as used in the Shell Solar base Jity combining
functions as the transparent and well-conducting front conPES and IPES. As will be shown, we find a flat conduction
tact. In contrast, the beneficial role of th&nO layer is not  band alignment and a significant separation of Fermi energy
understood. Raet al® propose that thé-ZnO reduces the and CBM in thei-ZnO film.
impact of lateral electronic inhomogeneities, caused by ab- A samples were taken directly from the Shell Solar
sorber crystallites with different electronic propertfe®ne  pase line process in which the CIGSSe absorber is prepared
of the important parameters for an understanding of they rapid thermal annealing of elemental layers on Mo-coated
i-ZnO Iayer is the band alignment at the interface toward%oda-"me g|ass in a Su|fur-containing atmosphere' as de-
the CdS buffer layer. In particular the conduction band offsetcribed in Ref. 10 and references therein. Then, a CdS layer
is of great interest, becauséectronsneed to be transported s deposited by a standard chemical bath deposition. For the
from the CIGSSe absorber to the front contact. present studyi-ZnO layers of different thickness were then

Ruckh etal. have used photoelectron spectroscopydeposited on the CdS/CIGSSe/Mol/glass structure by magne-
(PES for a determination of the valence band offééBO)  tron sputtering. For a determination of the band offsets and
with CdS films evaporated onto rf-sputtered polycrystallinean investigation of the interface formation, two thin layers
ZnO and find a value of 1.+0.1) eV.* By using reference  (nominal thickness 3 and 5 nnand a thick layer of 25 nm
bulk band gaps they deduced a conduction band offsg}ere used.

(CBO) of —0.3(x0.1) eV [a negative CBO means thatthe Al samples were investigated with ultraviolet PES
conduction band minimuntCBM) of CdS lies above that of (ypg using He | and Il excitation, x-ray PE&XPS) with a
ZnQJ. Similarly, Sauberlichet al. have evaporated CdS onto Mg K, source, and IPES. The PES spectra were measured
a sputtered-ZnO layer® Their values for the VBO scatter \ith a VG CLAM 4 analyzer. For the IPES experiments, a
between 0.84+0.1) and 1.2(+0.1) eV, depending on the  cijcacci-type electron gun and a Dose-type detector with
SrF, window and Ar:} filling were used. All experiments
3Electronic mail: heske@physik.uni-wuerzburg.de were performed in ultrahigh vacuum with a base pressure
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FIG. 2. S XPS spectra of the CdS/CIGSSe surface befajeand after
Ar* sputter treatmer(60 nA/cn?, 50 eV, sputter times are given at the right
ordinate (b) and(c), indicating oxidized sulfur at the surface. The spectrum
of a 3 nm thini-ZnO layer on top of the CdS/CIGSSe structdg shows
the removal of SQby thei-ZnO magnetron sputtering process.
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the CdS surface and 3.52-0.15 eV for thei-ZnO surface.
The latter is slightly larger than the generally accepted bulk
FIG. 1. He | UPS(left) and IPES(right) spectra of CdS/CIGSSe)—(c)and ~ Pand gaf3.35 eV(Ref. 13]. This discrepancy is attributed
~20 nmi-ZnO/CdS/CIGSS¢d)—(f) after subsequent Arsputter stepg50  to a fundamental problem of determining the corrdctrg-
nAlcn?, 50 eV, sputter times are given at the right ordinaléie VBM and  solved VBM with UV photoemission due to a potential lack
CBM were determined by linear _extrapolatlon of _the leading edges. Theof suitable photoemission final states at thpoint (see, e.g.,
resulting surface band gaps are given for each pair of spectra. )

Ref. 12 and references thergiin the present case, we note

a significant pre-edge intensity in the ZnO valence band
below 5x10 !° mbar. Throughout the experiments, greatspectrum, which presumably contains the “true” VBM as
care was taken to detect potential charging effects, but, evenell as defect induced emission. The determination of the
for the thickesti-ZnO film, no such effects could be found. conduction and valence band offsets is done in two steps. In

The XPS measurements show a surface contaminatiotie first step the CBMVBM) values of the CdS surface are

with C and O on all samples as they naturally occur during a&ompared with those of theZnO surface. In a second step
low-cost production process by air exposure. In order to rewe consider changes of the band bending in the substrate
duce the surface species, all samples were carefully cleané@dS/CIGSSe/Mo/glagglue to the interface formation pro-
by mild Ar" ion sputtering. To minimize sputter damage, we cess as well as band bending towardsit#O surface(to-
have used very low ion energi€50 eV) and low currents gether henceforth called interface-induced band bending
(~50 nA/cnt) at low incidence angles. It is well known that This requires at least one additional sample with a very thin
prolonged sputtering of CIGSSe with 500 eV *Ateads to  i-ZnO film on the CdS layer. Comparing the core level line
the formation of metallic In and CU*! but we did not find  positions of the CdS surface, the thifZnO overlayer, and
any evidence for such effects on CIGSSe, CdS, or ZnO whethe thicki-ZnO film surface, we can compute the corrections
using an ion energy of 50 eV. O and C contaminations, irfor the interface-induced band bending. To increase the data
contrast, are removed very well by this treatment, as seen ireliability, we measured two thin-ZnO overlayers with a
the XPS measurementaot shown here For the untreated nominal thickness of 3 and 5 nm, respectively.
samples, the valence and conduction band spectra are domi- A closer look at the thin samples also reveals that the
nated by the contamination lay&s seen in spect@aandd CdS surface is modified during theZnO sputter deposition
of Fig. 1) which leads to a seemingly increased band gap foprocess. On the pristine CdS surface we find an oxidized
the contaminated CdS and ZnO surfaces. To determine thaulfur species (SOwith x>2, most likely SQ), as shown in
band gap, the valence band maxim@¥BM) and the con- Fig. 2a). The oxidation is reduced after Arsputter cleaning
duction band minimum{CBM) are derived by a linear ex- [Figs. 2b) and Zc)] and also after the sputter deposition of 3
trapolation of the leading edge in the spectr(for a justifi-  nmi-ZnO[Fig. 2d)]. Thei-ZnO sputter deposition process
cation of this procedure see Ref.)1After two 15 min  apparently removes surface adsorbates as well. Note that
sputter treatments the surface contaminations are completellgere is no trace of oxidized sulfur in the enlarged part of
removed and the valence and conduction bands of CdS argpectrumd, while the sulfur main line at 161.5 eV is quite
ZnO show their representative spectral signataee spectra strong, which rules out any attenuation effects. In Fig. 2 also
b-c ande-f in Fig. 1). Having thus obtained relevant values a shift of the main S line can be observed. The shift between
for the VBM and the CBM of both materials we can derive Figs. 2a) and 2b) is attributed to changes in bend bending

the surface band gap values, which are 246.15 eV for  due to the removal of the surface contaminations by the sput-
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ter treatment since no peak broadening is observed. The shil ~ CdS/Cu(In,Ga)(S,Se), i-ZnO/CdS/CIGSSe
in Fig. 2d) is due to the interface-induced bend bending surface Interface surface
occurring after the-ZnO deposition, which will be quanti- : '

fied below. N _  0s2@04)ev] T i __6_ 050 (£0.1) ev
By analyzing the positions of the respective conduction ~ ------. M. L. iGBO=0.10.(£0.19).eV.{. v.00 R E

band edges, we derive values of 0.620.10 and 0.50 : : F

(+£0.10 eV for the CBM of CdS and-ZnO, respectively. 2.46 (+0.15) eV

Thus, the first(approximativg¢ step of our analysis deter-

mines a vanishing conduction band offset. Also, the results

3.52 (+0.15) eV
indicate that in both layers a significant separation betweer -V :

the Fermi energy and the CBM exists. -
For the second step in determining the band alignment, VBO = 0.96 (£0.15) eV

we have quantified the interface-induced band bending by 4;
using different combinations of CdS ameZnO core level ;
lines (Cd3, S2p, Zn2p, Zn3p, and OX). In total,

; ; ; ; i+hin FIG. 3. Schematic diagram of the band alignment atitiZanO/CdS inter-
twelve different values were obtained, all of which lie within face. The VBM and CBM of the CdS aridZnO films (as determined by

0.12 eV. The average Valu? is 0.420.10 eV'.WhiCh arjses UPS and IPEgare shown on the left and right, respectively. The center
from a small downward shift of the electronic levels in CdS shows the band alignment at the interface after taking the interface-induced

due to the interface formation and a small downward shift ofoand bending into account.

the ZnO levels with increasing thicknegsand bending . . .
Combining this interface-induced band bending correctionOrder tp achieve a bett.er 'understandmg O.f the electronic
with the observed CBM values we derive a CBO of O_lopropertles of CIGSSe thin film solar cell devices.

(iOlS ev, indicating that the band alignment is essentially The authors gratefu”y acknow|edge funding by the Ger-
flat, with the CBM of thei-ZnO slightly above the CBM of man BMWA (FKZ 0329218@ and the DFG through SFB
the CdS layer. For the VBO we find a value ef0.96 410 (TP B3.
(+£0.19 eV.
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